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1.1 ?????
????????????????????????????????????????
???? [1, 2]. ?????????????????????????????????
???????????????????????,?????????????????
?????????????????????????????????????. ???
?????????????, ???????????????????????. ???
???????????????????????????????????. ?????
?????, ????????????????????, ??????????????
?,???????????????????????????????????????,
?????????????????????????????????????,???,
???????????????????????????????. ??,???????
?????????????????????,????????,???,???????
????,??????????????????????????,??????????
??????????????????????????????????. ????,??
?????????????????????????????????????????
?????,???????????????????????????????????
?????????????????????????????????????????
??? [3, 4, 5, 6, 7, 8]. ??,????????????????????????????
?????????????????????? [9].
???,????????????,??,?????????????????????
???,??????????,???????????????????????????
?,??,?????,???????????????????????????????
???????? [10, 11, 12, 13, 14]. ???????,????????????????
??,??????????????????????,????????????????
??????. ?????,?????????????????,???????????
???????????????. ??????????????????????, ??
???????????????????????????????????,?????
?????????????????????????????????????????
???????????????? [2]. ??,??????????????????, PIV
???????????????????????????????????????,?
? 1? ?? 10
????????? [15, 16, 17]. ??????,???????????????????
??????????????????????????????,??????????
?????????????????????????????????. ???,????
?????????????????????????,???????????????
??????????????????.
1.2 ????????????????????????
???????????????????????????, ???????????
???????????????????. ????????????????,? 1.1??
????,????????????????????????????????????
?????????????????????????????????????????
?????????????????.
Table. 1.1 Classification of cavitation models
???????? ???????
???????? ?????
Navier-Stokes??? ?????????
???????
1.2.1 ????????
????????????????????????????????????????
????????????. ????????????????????????????
??????????????????????????. ??????????????
????????????????????. ????????????????????
?????????????, Navier-Stokes????????????????. Kinnas?
[18]???????????????????????????????????????
?????????????????????????,???????????????
??????. ??, Avellan? [19, 20]???? Navier-Stokes????????????
? 1? ?? 11
????????????????????????????????????????
?????????????????????????????????,???????
???????????????????????????????????????. ?
?????????????????????????????????????????
??????????. ??,??? [21]????? Navier-Stokes???????????
??, Level-set??????????????????????????????????
?. ???????????????????, ???????????????????
???????????,????? Level-set??????,?????????????
???????????????????????????. ???,??????,???
?????????????????????????????,???????????
?????????.
1.2.2 ???????
????????? (1.1)???????????????????? (????)???
??,??????? m ??????????????????? ?????????
????????????????????????????????????????
?. ??????????????????????, ????????????????
??????????????????????????.
m = g+ (1 )l (1.1)
l; g ?????,????????????????.
????????????????????????????????????????
????.
?????
??????????????????????? Rayleigh-Plesset?? [22]?????
????? (?)????????????????????????,?????????
???????????. ???? [23]?, Rayleigh-Plesset????????,?????
???????????????????????????????????.
??????,???????????????,????,?????????????
? 1? ?? 12
?? RB ????????????????????????? nb ??????????
??????. ???,???????????????????????? (1.3)???.
 = nb
4
3RB
3 (1.2)
m = (1 )l (1.3)
?????, ???????????? Rayleigh-Plesset??, ? (1.4)?????????
nb ????????????, ??????????????????????????
? (1.5)?????. ???,?????????,??????????????????.
R
d2RB
dt2
+
3
2
dRB
dt
2
=
pv   p
l
(1.4)
(1+2r2nbRB)RB D
2RB
Dt2
+ (3
2
+4r2nRB)
DRB
Dt
2
=
pv   p
l
(1.5)
? (1.5)??????? RB ?????, ? (1.2), ???? (1.3)????????????
??????????????????.
??, ????????????????????????????, ??? [24]???
???????????????????. ??,???????????,???????
??? Rayleigh-Plesset?????????????,?????,???????????
???????. ??, ??? [25] ???????????? Rayleigh-Plesset ?????
????????????????,?????????,????????,??,????
???????????????????. Rayleigh-Plesset ?????????????
??,??????????????????????????????????????
??????????????.
?????????
??????????,?????????????????????????????
???????????????????.
Reboud? [26]?????????????????,?????? Tait???????
??????,?????????????????????????????,??,??
?????????????????????????????????????????
? 1? ?? 13
??????????. ????????, ?????????????????????
???????????? Ikohagi????? [27, 28]???.
???????
??????????,?????????????????????????????
?????????. ??, ??????????? Chen ????????. Chen ? [29]
?,???????????????????????????????????????
?????,?????????.
Dm
Dt
=C0(p  pv) (1.6)
C0 ????????????. ?? [30, 31]?, Chen?????????????????
?????????????????,??????????????????.
????????????, ???, ???????????, ???????????
?????????????????????????. ????????, ??????
??????????????????????????,??????????????
?????????????. ??, ??, ???, ??????????????????
????????????.
??,?????????????????????????????????????
?, Markle? [32]????? Kunz? [33]??????????. Markle? [32]?, ??
??????? fl ?????????????, ??? me ???? mc ????????
???????????.
@ fl
@t
+
@ flu j
@x j
= me+mc (1.7)
??????,????????,??????????????.
me =
Cdestlmin(p  pv;0) fl
v(0:5lU21)t1
(1.8)
? 1? ?? 14
mc =
Cprodmax(p  pv;0)(1  fl)
(0:5lU21)t1
(1.9)
???,???? Cdest;Cprod ?????????,??, U1; t1 ?,????,???????
?????????.
????????? Kunz? [33]?????????. Kunz??, Ginzburg-Landau??
??????????? (1.7)???????,????????????????.
me =
Cdestv flmin(p  pv;0)
l(0:5lU21)t1
(1.10)
mc =
Cprod( fl  ng)2(1  fl  ng)
lt1
(1.11)
???, ng ?????????????.
??,??,????,????????????????????,????????,?
???????????,????????????????. ?????????, Schnerr
? [34] ????? Shinghal ? [35] ??????????????????. ???, ??
??????, ???????????? Rayleigh-Plesset ??????????????
??,????????????,???????????????,??????????
???. ????????????, ???????????? Rayleigh-Plesset ????,
? (1.4)????????????????????????????? (? (1.12))???
?,??????,??,????,???????????????????????.
DRB
Dt
= sign(pv   p)
s
2
3
jpv   pj
l
(1.12)
Schnerr????? [34]??,????? nb ???????,???? ???????
????????????.
 =
nb
4
3R
3
B
1+nb 43R
3
B
(1.13)
? 1? ?? 15
???? ????????????,? (1.14)????????,? (1.13), (1.12)??,?
???? (1.15)?????.
@g
@t
+
@gu j
@x j
= R (1.14)
R = sign(pv   p)
gl
m
(1 ) 3
RB
s
2
3
jp  pvj
l
???? (1.15)
??, ??? Shinghal? [35]?, ??????? f ????????????, ? (1.16)
????, ??????????????????????????????? (1.17),
(1.18)???????.
@m f
@t
+
@m f u j
@x j
= Re  Rc (1.16)
Re =Ce
p
k

lv
s
2
3
pv   p
l
(1  f   fng) (1.17)
Rc =Cc
p
k

lv
s
2
3
p  pv
l
f (1.18)
k?????????, fng ??????????????????. ??, Ce;Cc ?????
???????. ??,??????? f ??????????? (1.19)?,???????
?????????? (1.20)??????.
 = f m
v
(1.19)
 = n
4
3R
3
B (1.20)
? (1.17), (1.18)????,??????? k ?????????, Shinghal??????
? 1? ?? 16
??????????????,??????????????????????????
????????. ??,??????????????????? nb ?????????
????????????,????????????????????????????
????????????? Hosangadi? [36]??????????.
1.2.3 ?????????????????????
??, ???????????, Ansys CFX ? Fluent???? CFD?????????
???????????????. ????????,?????????????????
??????????,??????????????????????????????
???????????. ??????, ??????????????????????
????????????, ?????????????????. ??????????
??????????,??????????????????????????????
? RANS(Reynolds Averaged Navier-Stokes Simulation) ?????????, ??????
?????????????????????????????. ???????????
?? [4] ???? [5] ???????????, ???????????????????
?????????. ???,????????????????????????????
???? RANS??????????????????????????????. ???
?????????,???????????????????????????????,
??,???????????????????????. ??,????????? RANS
?????????????, LES(Large Eddy Simulation)??????????????
???????????????????????????????????????. ?
??, ?????????????????????? RANS, LES??????????
???, ??????????. ??????????????????????????
???, Reboud??????? [37]. Reboud??, ????????????? RANS?
?????????????????????????????????????????
?????????. ??,??? [38]? Reboud??????????,????????
Clark-Y??????????????????????. ??????? RANS????
??????????????????????????,??????????????
?????????????. ??, LES??????????????????????
?????????????????????????. ??????, ????????
? 1? ?? 17
?????????????????,?????????????? LES?????,?
?????????????????????????????????????????
???????????.
1.3 ???????????,??
??????,????????????????????????, RANS,?????
??????????,?????????????????????????. ???,?
???? LES??????????????????????????????????
???. ???, Clark-Y11.7%??? NACA0015??????????????????
??????????????????????. ???????????????,???
???????????????????????????????????????,?
??,?????????????????????. ?????????????????
???????????????????,?????????????????????,
?????????,??,?????????????????????????????
???????. ?????????????????????????????????
???, ??????????????????????????????. ??????
????????????,?????????????????????????,???
?,?????,??????????????????????????????????
????,?????????????????????????????????,???
?????????????????????????????????????????
?,????????????????????????????. ?????,?????
???????????????????,?????????????????????
?. ??,??????????????????????????,??????????
??????, ??????????? NACA0015 ?????????????????
???????????. ???,??????????????,???????????
???,????????????????.
? 1? ?? 18
1.4 ??????
???????, ???????????????, ? 2 ?? Clark-Y11.7% ?,
NACA0015 ?????????????????????? LES ??????????
?????????????????,???????????????????????
????????. ??, ? 3???????????????????????????
???????????????,?????????????????????????
????????????????????? NACA0015??????????????
?????. ? 4 ???, ???????????????, ?????????????
??????????????????,???????. ???,? 5?????????
??.
? 2?
??????????
?????????????????
? 2? ??????????????????????????? 20
????, LES??????,??? Clark-Y11.7%? NACA0015??????????
?????????????????????????????,???????????
?,?????????????????????????????. ??,???????
??????????????????. ???, NACA0015?????????,????
????????????????????????????. ??,?????????,
????????????????????.
2.1 Clark-Y11.7%?????????????????
2.1.1 ????
Clark-Y11.7%????????????????????,????????? [39, 40]
????????????????. ??????????? Clark-Y11.7%??????
C = 70 (mm)???,????? 70 (mm)???. ??,????????????????
???????????????,???????? 700 (mm),??? 190 (mm),????
? 70 (mm) ???. ????? U = 11 (m=s) ???. ??, ??? 12:1  13:8 (C) ???.
?????,??????????,?????????,???, 13 (C)????????
?????????????? Re = 6:4105 ???.
2.1.2 ?????
?????????????, ????????????, Navier-Stokes ???, ???
????????????????????????????????. ????????
????????????,????????????????????????????
?. ???????????????????,????,???????????????
???????????????. ???????, ?????????????????
?,????????????????????????. ???,???????????
??????????????????,?????????????????? [41]??
???.
??, ????????????, ????? fl, ???? , ????? l, ???, ??
??? g ????????????. ??, ?????????????????, ???
? 2? ??????????????????????????? 21
???????????????,?????????????.
@

l fl+g

@t
+
@

l fl+g

ui
@xi
= 0 (2.1)
???,??????????,????????????, 104 ????????????.
????,??????????,
@l fl
@t
+
@l flui
@xi
= 0 (2.2)
???. ???,????? l ? l = 1+0l ???????????????,
D fl
Dt
+ fl
 
1
1+0l
D0l
Dt
+
@ui
@xi
!
= 0 (2.3)
?????????????????????????????????? (0l << 1)??
???????? ( DlDt = M2 DpDt ) ??????, ???????????????????
?? [41].
D fl
Dt
+ fl
 
M2
Dp
Dt
+
@ui
@xi
!
= 0 (2.4)
??,????????????????????.
@ui
@t
+u j
@ui
@x j
=   1fl
@p
@xi
+
@
@x j
 
+ sgs
  @u j
@xi
+
@ui
@x j
!!
(2.5)
???,  = 1Re ???, sgs ???? Dynamic Smagorinsky??? [42]?????????
????????. ?????, ??????????????????????????
???????????? Dynamic Smagorinsky?????????????????. ?
?,????? fl ? 0??????????????? fl ???????????,???
?????????????????. ???????????????????? 0.2?
??.
??, ??????????????????????????????, ??????
??????????????????????,??????????????????
??????????????????????????????????, Chen????
?????????????????????????????????? [30, 31]???
??. ?????????, ????????????????????????????
? 2? ??????????????????????????? 22
?????????????,????????,???,???????????????
??????????????????????????.
??????????, Rayleigh-Plesset??????????????????,???
??? nb ?????????????????????. ??,????????????
Rayleigh-Plesset?????????,
RB
d2RB
dt2
+
3
2
dRB
dt
2
=
pb   p
l
(2.6)
?????. ??????????????,???????,?????????????
????????. ????????????, ?????? pb ??????? pv ???
? (pb = pv)??????, Rayleigh-Plesset???,
DRB
Dt
=
s
2(pv   p)
3l
(2.7)
???????. ??????? ????? RB ?????? nb ????,
 =
4
3R
3
Bnb (2.8)
????,???????????????????????,
D
Dt
=
3
RB
DRB
Dt
(2.9)
?????????. ???,???????????????. ??????? (2.7)? RB
? ?????????,
D
Dt
=
3
RB
s
2(pv   p)
3l
(2.10)
???. ??? fl+ = 1??????? ? fl ?????????,
D fl
Dt
=  3(1  fl)
RB
s
2(pv   p)
3l
(2.11)
???.
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??????????????,????? CG ???
D fl
Dt
=  CG(1  fl)(pv   p) (2.12)
??????.
??????????,??????????????? 0?????????????
??????. ???, ??????????????????????????????
??,????? fl ? 1????????????,????,?????????????
????????????????????. ????, ???????????????
????????????????????????????.
D fl
Dt
= (CG (1  fl)+CL fl) (p  pv)+
sgs
S c
 fl (2.13)
????????????????????????????. ??????????? S c
? 1???. ?????????????????. CG; CL ?, ????????????
???. CG ?,????????,??????????????, CL ?????????
??????????. CL ??????, ??????????????????, ???
?????????????????????????????????????????
??.
2.1.3 ????????????,???,????
???????????????,???????????????? FrontFlow/blue5.2[43]
????. ?????????, ??????????????????????????
?, ???????????????. ??, ??????????? Fractional-Step ??
???. ???????????????????????, ????????. ????
??????????. ??, ?????????????????. ??????, ???
???????????????????,?????????????????????.
?????????????????????????????.
? 2? ??????????????????????????? 24
2.1.4 Clark-Y11.7%???????????????????????
????????????????????,???????????????????
???? 6:4105 ???. ??????????,????,??????????????
?? (x+;y+;z+) = (50;2;50)??????????????????????????
???. ?????????????????????????????????????
??????????. ??????, ???????????????????????
?????????????,????,???????????????????????
???????????????????????????. ?????, ???????
???????????????????????,?????,????????????
?????????????????????. ???,??,?????????????
??????,??????????????????????????????????
????????????????????????.
????
???? 2.1????????????. ???,??????????????? 5%?
?????????????????????????. ?????,? 2.1???? C?
??????. ?????? Re = 7:7105 ?????????????????????
??????????????? (? (2.14))??????????? [44]?,
C f = 0:074Re 0:2x (2.14)
????,?????????????????,????,??????,???,????
??????,???? (30, 2, 30)??????????. ??,?????? Re = 1:5105
??,???????????????????????,??,???? (30, 2, 30)???
?????????????????????????????? 1000??? 2000??
??.
? 2? ??????????????????????????? 25
Table. 2.1 Computational conditions for fine-simulation of the single-phase flow around Clark-Y11.7%
??? 1300? (??)
???????? ? 0.05C(C?????)
???? 1:97
?????? 7:7105;6:4105;1:5105
??? (x+;y+;z+) = (30;2;30) (???, Re = 7:7105)
???????? 110 4
Fig. 2.1 Computational domain and boudary condition
?????????
????????????????????????????????????????
????????????????, ?????? Re = 7:7 105 ???????, ???,
x/C=0.8??????????????????????????,???,???????
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???????.
u
v
= 5:75log vy

 5:5 (2.15)
u
v
=
vy

(2.16)
??, v ????????. ? 2.2??,???????????????????????
???????. ???,???????????????? Re = 7:7105 ???????
????????????????,?????????????????????.
??????????????????????? 2.3 ???. ?????, ?????
?????????????????????????????, ??????????
?????????. ????????????? 2.4 ???. ?????, x=C = 0:6 ??
x=C = 0:7??????????????????. Re = 1:5105 ????? x=C = 0:7?
???????????????. ???,? 2.5?????????????????. ?
?,? 2.5????????????????????????? [45]???.
c f (laminar) = 0:664Re 0:5x (2.17)
c f (turbulent) = 0:059Re 0:2x (2.18)
? 2.5 ???, Re = 1:5 105 ?????????????, x=C = 0:7 ?????????
?????????????????. ??,? 2.4?? Re = 7:7105 ? Re = 6:4105 ?
?????????????? (Re = 3:4 105) ??????????????????.
?????, Clark-Y11.7% ????????, ??????? 7:7 105  3:4 105 ???
??, ??????????????????????????????????. ???
?, Clark-Y11.7% ?????????, ??????????????????????
?????????. ????, Clark-Y11.7% ????????????, ???????
Re = 1:5105 ?????????????????????????. ???,?????
?????????????,???????????????????????????
???????????.
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Fig. 2.2 Velocity profile on suction side for Clark-Y11.7% (Re=7:7105, x/C=0.8)
Fig. 2.3 Dependence of lift and drag coecients on Reynolds number
? 2? ??????????????????????????? 28
Fig. 2.4 Dependence of static pressure coecient on Reynolds number
Fig. 2.5 Dependence of time-averaged distribution of local friction coecient on suction side on
Reynolds number
? 2? ??????????????????????????? 29
2.1.5 ????
????,???????????, Re  105 ??????? Clark-Y11.7%??????
???????????????????????????????. ???, ?????
??????????????,??????????????.
????????? 2.2 ???. ?????????, ????? (x+;y+;z+) =
(200;25;250) ??????????????????????????????????
?. ??,????? C????. ? 2.6?????????????????. ?????
?????????????,?????? [3]?????????????????? (?
????????)????????????????????????????????
??,?????????????????????????????????. ??,??
???????????????????????????? (?) ??????????
?????.
Table. 2.2 Computational conditions for simulation of the cavitating flow around Clark-Y11.7%
??? 1100?
???????? ? 1C
??? (x+;y+;z+) = (200;25;250) (???, Re = 6:4105)
???? 1:97;7:97
?????? 6:4105
????? 110 4
?????????  = 3:0;0:8;0:7;0:5 (??? 1:97)
 = 3:0;1:6;1:2;1:0 (??? 7:97)
???? (M) 0:1
CG;CL ???? 1000, 1
? 2? ??????????????????????????? 30
Fig. 2.6 Computatonal domain and boundary conditions
2.1.6 ????
???????????????????????
??, ?????????????????? (??, ?????????????)??
?,?????????  = 3:0????????.
??????????????????????, ??? 1:97 ???, ???????
??, ??? 0.555, ??? 0.560???????? 1%??????????????. ?
?,?????????,??? 0.0133,??? 0.0155???,?????????????
14%???????????????????. ?????, ?????????????
?,????????????????,???????????????????????
????????????????????.
????????????? 2.7???. ?????????????????????
????? 2.7??????. ????????????????????? (fine mesh)?
???????????????????????,???? (Re = 3:4105)??????
????. ???,??? 1:97 ?????,??????,? LES???????????
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??????????????????????????.
??? 7:97 ????????,?????????????????????????,
??????????????????????? 2.8???. ????????????
??????????????????. ?????????????, ????????
???????????????????????????,?????????????
???????????,? LES??????????????????????????
???????????.
????,? LES????????? Re = 6:4105 ? Clark-Y11.7%????????
??????????????. ???,?????,?????????????????
?????. ???????????,???????????  = 3:0?????????
?????????????????,??????????????????.
Fig. 2.7 Distribution of static pressure coecient around Clark-Y11.7% (AOA = 1:97)
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Fig. 2.8 Distribution of static pressure coecient around Clark-Y11.7% (AOA = 7:97)
??????????????????????
??? 1:97 ? 7:97 ?????????????????????, ????????
? 2.9??? 2.12?, ??????. ???, ????????? ??????????
?????????.
 =
p0   pv
1
2lU
2
0
(2.19)
??????????,?????? pv ????????? p0 ??????? U0 ???
????????????????. ????, ???????????????????
?????????????????,???????????????,????????
???????,????,???????????.
? 2.9??? 2.12??,?????????????????????????????,
?????????????????????????????????????????
????????????????,???,???????????. ??? 1:97 ???
??, ?????????????????????????, ????????????
????. ??,????????,??? 7:97 ???????????????????
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???,???,??? 7:97 ??????????????????? (????????)
??????,??????????????????????????,????????
?????????????????????????????????????. ???
???,??? 1:97 ?????,????????????,?????????????
?????????????????????????????????????????
??????????. ??????????????????????????????
????????,????????????????????????????????
???.
Fig. 2.9 Drag coecient change by cavitation number (Clark-Y11.7%, AOA = 1:97)
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Fig. 2.10 Lift coecient change by cavitation number (Clark-Y11.7%, AOA = 1:97)
Fig. 2.11 Drag coecient change by cavitation number (Clark-Y11.7%, AOA = 7:97)
? 2? ??????????????????????????? 35
Fig. 2.12 Lift coecient change by cavitation number (Clark-Y11.7%, AOA = 7:97)
???????????????????????????
??? 1:97 ? 7:97 ?????????????????????????????,
? 2.13, ? 2.14 ?, ??????. ??, ? 2.13 ??, ??? 1:97 ??????????
?????  = 0:5??????, ?????????????????????????
???????. ???, ?????????????????????????????
?. ?????????,??????????????????????????????
????. ??, ?????????????????????????????????
????,???????????????????????????????. ???,?
??????????????????????????????,??????????
??????. ??? 2.2.2?????????,???????????????????
????,??????????????????,??????????????????
?????????????????????????????????????????
??.
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Fig. 2.13 Variation of time-averaged pressure coecient with respect to cavitation number (Clark-
Y11.7%, AOA = 1:97)
Fig. 2.14 Variation of time-averaged pressure coecient with respect to cavitation number (Clark-
Y11.7%, AOA = 7:97)
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?????????????
???????,????????????????????????????????,
??????????????????????.
? 2.15?? 2.16???? 1:97 ?????????????????????????.
 = 0:7???,???????????????.  = 0:7???,???????????.
??,??????????????? 0.2????????,?????????? 0.5?
????????????. Clark-Y11.7%?????????????????,????
?????????Watanabe? [8]???????????????,?????????
?????????????????????????.
??, ??????????  = 3:0 ??????????  = 0:5 ?????????
?,? 2.17,? 2.18?,??????. ????????????????????????
?????????????. ???, ???????????????????????
????????????,????????????????????????????
?????? [47]. ??,?????????????????????????????.
Fig. 2.15 Instantaneous distribution of liquid fraction (AOA = 1:97; = 0:7)
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Fig. 2.16 Instantaneous distribution of liquid fraction (AOA = 1:97; = 0:5)
Fig. 2.17 Instantaneous distribution of streamwise velocity (AOA = 1:97; = 3:0, non-cavitation)
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Fig. 2.18 Instantaneous distribution of streamwise velocity (AOA = 1:97; = 0:5)
2.2 NACA0015????????????????? (???
??)
NACA0015??????????????????,???????????? [6, 7]?
???????. ??????????? NACA0015?????? C = 150 (mm),????
? 150 (mm)???. ??,?????????????????????????????
??,???????? 1000(mm),??? 600(mm),????? 150(mm)???. ????
? U = 8 (m=s),???. ??,???, 25.5 (C)???. ?????,??????????,
?????????,???,????????????????????? Re = 1:3106
???.
2.2.1 ????
NACA0015???????? 2.3???. ??????, ??????????????
??????????????, Clark-Y11.7% ???????????????????
??????. ??????, ???????????????????????????
????????????????????????????????. ??, ?????
? 2.19 ???. Clark-Y11.7% ????????, ??????????????????
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????????,????????????????????????????????
???,????????? 1C,??????????????????? (?)?????.
???,?????????????????????????????????????
????????????????????????????????,????????
?????????. ?????????????????????????, ?????
???????????????????????,?????????????????
??????????,???????.
Table. 2.3 Computational conditions for NACA0015
??? 890?
???????? ???????,?????.
???,??????????
??? (x+;y+;z+) = (410;62;620)
(???, Re = 1:3106)
???? 8:0
?????? 1:3106
???????? 110 4
?????????  = 3:0  0:6
???? (M) 0:1;0:15
CG;CL ???? 1000, 1
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Fig. 2.19 Computational domain
2.2.2 ????
??????????????????
???, ?????????????????????????  = 3:0???????
?????????. ???? CL ???? 0.83,??? 0.85??????????,???
? CD ???????? 0.0154,??? 0.0169???,??????? 9.4%??????
??. ???????, ??????????????????????????????
?,???????????????????????????????????????
????????????. ?????????????????????? 2.20???.
????????????????????. ????, ???????????????
?????????, ?????????????????? NACA0015 ???????
???????????????????. ???, ?????, ???, ????????
??????????????. ???????????,???????????  = 3:0
???????????,???????????????,??????????????
????.
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Fig. 2.20 Distribution of time-averaged pressure coecient around NACA0015 (AOA = 8; = 3:0)
??????????????????????
?????????????????????????????, ? 2.21, ? 2.22 ?, ?
?????. ???????, Clark-Y11.7%?????????????????????
???????,????????????????????,?????????????
??????????????????????????????????????. ??,
????,  = 3:0??????????????????????? Clark-Y11.7%???
??????????????????????????????????,??????
?????????????? Clark-Y11.7%????????????????????
??????????????,??????????????????????????
??????????????. ? 2.22??,???????????  = 2:2  1:0???
??????????????????????. ??,????????????????
???????????????????  = 1:1??????????????????
???????. ???, Clark-Y11.7% ?????????, ?????????????
?????????.
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Fig. 2.21 Drag coecient change by cavitation number (NACA0015, AOA = 8)
Fig. 2.22 Lift coecient change by cavitation number (NACA0015, AOA = 8)
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????????????
????????????????????????????????????????
? 2.23 ???. ?????????????????????????????????
?. ??, ????????????????????????????????????
?. ????, ????? fl = 0:9 ?????????????????????????.
?????????????????,  = 0:8 ????????????? 2.24 ?, ??,
???????????????????? 2.25???????. ??,????????
??????????????????????????????.
????????, ??????????????????????????????
????. ???, ???????????????????????????????
? 2.26?? 2.27??????, ??????????????????????????
????????????????????. ??, ?????????????????
??????????????,????????????????????. ????,?
?????????? 0????????????????????,?????????
??????????????. ???,?????????????????????,?
???????????????????.
Fig. 2.23 Maximum sheet cavity length (NACA0015, AOA = 8)
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Fig. 2.24 Distribution of time-averaged liquid fraction around NACA0015 (AOA = 8; = 0:8)
Fig. 2.25 Distribution of time-averaged liquid fraction and pressure coecient around NACA0015
(AOA = 8; = 0:8)
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Fig. 2.26 Instantaneous sheet cavity at maximun sheet cavity length (NACA0015, AOA = 8; = 1:0)
[7]
Fig. 2.27 Instantaneous distribution of liquid fraction (NACA0015, AOA = 8; = 1:0)
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???????????????????????????
????????????????????????????????????????
??,? 2.28?? 2.29?,??????.
? 2.28??,?????????????,????????????????????
?????????????????????????????????????????
???????. ??, ??????????????????????????????
????. ???????????????, ????????????????????
??????????????????????,??????????????????
????????????. ???,??? [4]????????????????????
??????,?????????????????,?????????????????
?????. ??, ????????????????????????????????
?????????????????????. ???, ???????????????
????????????????????????????????,????????
??????????????????????????. ??, ???????????
????????????,????????????????????????????
??????. ???, ??????????????????????????????
????????????????????????????????????????.
???,? 2.29??,??????,????????????????????????
????????????????,????????????????????????
???????. ???,??????????????????????????????
???. ??,?????????????????????????,?????????
?????????????????????????????????????????
????????,????????????????????????????????
???????????,?????????????????????????????
????????????. ?????, ??????????????????????
????????????????????????. ??,?????,????????
?????????????????????????. ???????????????
?????????,?????????????????????,??????????
???????????????. ????,?????????  = 1:4????????
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???????????????? 2.30??????????????????????
????????????????????????. ????, ???????????
???????,?????????????????????????????????
?????????????????. ???????????????????????
????????????????????????????????????????.
???,???????????????????????????,??????????
??????????,??????????????????????????????
??????????????????????????????. ??, ???????
???????????????????,?????????????????????
?????????. ?????????? ( = 3:0)?????????? ( = 0:8)??
??????????????????????????????,? 2.31?? 2.32?,?
?????. ???????????????????????????????????
???,?????????????????????????????????????
??????. ??, ???????????????????????????????
????????, ?????????????? ( = 0:8), ?????????????
??. Clark-Y11.7%????? 1:97 ????????????????????????
?????????????????,?????????????????.
Fig. 2.28 Variation of measured time-averaged pressure coecient distribution by cavitation number
(NACA0015, AOA = 8, Kawamura [46])
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Fig. 2.29 Variation of computed time-averaged pressure coecient distribution by cavitation number
(NACA0015, AOA = 8)
Fig. 2.30 Comparison of measured and computed time-averaged pressure coecient around NACA0015
(AOA = 8; = 1:4)
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Fig. 2.31 Time-averaged streamlines around NACA0015 (AOA = 8, non-cavitation)
Fig. 2.32 Time-averaged streamlines around NACA0015 (AOA = 8; = 0:8)
?????????????
?? [4] ???????????????????? 2.33 ???. ?????, ???
?????????????????????,? 2.33????????????????
?????????????.
???, ?????????????????, ???????????, ????, ??
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????????,??????????????????,??????????????
???,?????????????????????????. ????,???????
?????????????????????????? [4]. ????????????,
? 2.34?????????????????????????????????????
?????????????????????????????????????????
???????????.
?????, ?????????????????????????????????
???. ?????, ???????????????????????????????
????????????????????. ? 2.35?????????????????
?????????????????????????????????????????
?????????????????????. ???, ???????????????
???????????????????????,?????????????????
????????????????????. ????, ???????????????
????????????????????????????????.
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Fig. 2.33 Sketches of unsteady cavitation in one cycle around E.N.Foil [4]
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Fig. 2.34 Re-entrant jet around cavity trailing edge
Fig. 2.35 Instantaneous streamlines and distribution of liquid fraction (AOA = 8; = 0:8)
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2.2.3 ????????
????????????????????????????????????????
??????????,??????????????????????????????
????????. ???, ????????????????????????????
???????. ???, ?????????????????????????????
????,????????????????????????????????.
????
???????????????? 2.4?,??????????? 2.36???????.
????????????????????????????????. ??, ?????
??????????????????????????. ???, ??????????
? C?????, ?????????????? 0.1C(C?????)???. ??, ???
???????????????????. ???,??????????????????
????????????????????,????????????????????
????,?????????,??,????????????????????????
????????????????????????. ??,??????????????
???????? 2.37?,??,???????????????????????? 2.38
???????. ????????? (high resolution)?,???????? 1200??,??
???? 60????,????? (original)???????? 4?,???????? 6?,
??????? 6????????????.
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Table. 2.4 Computational conditions for NACA0015 (high resolution grid)
??? 1400?
????? C???
??? (x+;y+;z+) = (100;10;100)
(???, Re = 1:3106)
???? 8:0
?????? 1:3106
???????? 1:010 4
????????? 3:0;1:4  0:8
???? (M) 0:15
CG;CL ???? 1000, 1
Fig. 2.36 Computational domain (high resolution)
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Fig. 2.37 Computational grid (high resolution)
Fig. 2.38 Computational grid (original)
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????
???,?????????????? [48]Q = 1000????????????????
?????? ( = 3:0)?????????????????????????? 2.39??
?. ? 2.39????????????????????????????????????
????????????????????.
??,?????????????????????????????????????
???. ? 2.40???????????????????????????????. ??,
????????????????????????. ? 2.40?????????????
????, ????, ??????????????????????. ???, ?????
???????????????????,???????? x=C = 0:95????????
?????????????????????????????. ??????? x=C = 0:9
?????????????????????????????????,???????
????????????????????????????????????????.
?????????????????????????????? 2.41???. ? 2.41?
?,???????????????????????????????????????
?????????????????????????????????????????
?????????.
??,?????????????????????????? 2.42,???,? 2.43?,
??????. ? 2.42??,?????????? ( = 3:0)??????????????
?????????????????. ???, ???????????????????
????????????????????,? 2.40?????????????????
???????????????????????,?????????????????
???????????. ??, ??????????????????????????
???????????????????????????. ??,? 2.43???????
???????????????????????  = 0:8??????????????
??????????,??????????????????????????????
?????????????. ???????????????????????????
?? 2.44???. ? 2.44??,???????????????????????????
???????????????????? (? 2.29)????????????????
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?????????????????????????????????????,???
??????????????????????????????????. ??,????
?????????????????????????????????????????
???. ????,?????????????????????????????,???
???????????????????????????. ???, ?????????
????????????????????????????????????. ??, ?
?????,???????????????????????????????????
?????????????????????????????????????????
????????. ???, ????????????, ??????????????, ?
????????????????????????????.
??,?????????  = 1:0,???  = 0:8??????,???????????
?????????????????????? 2.45?? 2.46???????. ??,??
?????????????????????????????????????????
?????????????????????. ? 2.45?? 2.46??,?????????
?????????????????????????????????????????
??????,???????????????????. ???,???????????
??????????????????????,??,????????????????
?????????????.
????,???????????????????????????????????
??????????????,????????????????????????.
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(a) High resolution grid
(b) Original grid
Fig. 2.39 Comparison of instanteneous vortex structure on suction side of NACA0015 visualized by
isosurface Q = 1000 (non-cavitation)
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Fig. 2.40 Distribution of time-averaged pressure coecient around NACA0015 with high resolution
grid (AOA = 8; = 3:0)
Fig. 2.42 Drag coecient change by cavitation number with high resolution grid (NACA0015, AOA =
8)
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(a) High resolution grid
(b) Original grid
Fig. 2.41 Comparison of time-averaged distribution of stream-wise velocity between high resolution and
original grids (non-cavitation)
Fig. 2.43 Lift coecient change by cavitation number with high resolution grid (NACA0015, AOA= 8)
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Fig. 2.44 Variation of computed time-averaged pressure coecient distribution by cavitation number
with high resolution grid (NACA0015, AOA = 8)
(a) High resolution grid
(b) Original grid
Fig. 2.45 Comparison of time-averaged distribution of liquid fraction between high resolution and orig-
inal grids ( = 1:0)
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(a) High resolution grid
(b) Original grid
Fig. 2.46 Comparison of time-averaged distribution of liquid fraction between high resolution and orig-
inal grids ( = 0:8)
2.3 ?????????? NACA0015??????????
???????
???????,????????????????????????????????
????,??????????????????,??,???????????????
??????????????????????. ??????????????????
?,????????????????? CG;CL ??????????????,?? [30]
????,?????????????????????????? CG ???????,?
?????????????????????,??,?????????????????
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?????????. ???,???????????????????????? Chen?
????????? conic head ??????????????????????????
? conic head ???????????????????????????? [29]. ???,
?????????????????????????????????????????
???????. ???????????????????????????????, ?
?????????????????????????, ???????? NACA0015 ?
??????????????????.
2.3.1 ???????
????????????, ???????????? Rayleigh-Plesset ???????
????????????????????????. ???????????????
????????????????????????????????????????,
????????????????????????????????????. ??, ?
????????????? RB ????, ?????????????????????
??????????????????????. ??????????, Rayleigh-Plesset
????????????????.
??,???????????? Rayleigh-Plesset????????????????
DRB
Dt
=
s
2(pv   p)
3l
(2.20)
???,???? RB ?????? nb ???????????,???,?????????
?????????????????????
 =
4
3R
3
Bnb (2.21)
D
Dt
= 4R2Bnb
DRB
Dt
(2.22)
?????????.
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? (2.22)??? (2.20), (2.21)???????? RB ??????????
D
Dt
= 3
2
3 (4nb)
1
3 
2
3 (2.23)
+ fl = 1?? fl ?????????,??,????????????????
D fl
Dt
= sgn (p  pv)3 23 (4nb) 13 (1  fl) 23
s
2(pv   p)
3l
(2.24)
???.
?????????,???? (1  fl)? 2/3????? 1??,???,????????
????????????????????????????.
?????,? (2.24)????????????????? (1  fl)? 2/3???????
??,?????????????????????????????.
???????? CG ?????,? 2??????????????????????
?????????,?????????.
D fl
Dt
= sgn (p  pv) (CG(1  fl)+CL fl)
pjpv   pj+ SGSS c  fl (2.25)
???,????????????????????????????,?????? S c ?
1???.
2.3.2 ????
??????????, ????? 2.2.1 ?????????????????????
????????????????. ??,????????????,?????????
??????. ???,???????????????? CG = 100?????. ????
? CG,???, CL ????????, 2.3.4??????. ????????? M ? 0.15?
??. ??,???????? 5:010 5 ??????.
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2.3.3 ????
??????????????????????
???????????????????????????????????????
??? 2.47, ???, ? 2.48?, ??????. ?????, ??????????????
????. ? 2.47 ??, ?????????, ????????????????????
??????????????????  = 0:8; 0:6???,???????. ??,? 2.48
??, ???????????????, ??????????????????????
??????????????,  = 1:0 ??????????????????????
????. ??,??????????????????????????,???????
?????????????. ???,?????????????????????,??
?????????????????. ???, ???????????????????
( dCLd )??????????????????. ??,?????????????????
 = 1:6  1:0?,???????????????????????????.
Fig. 2.47 Drag coecient change by cavitation number (NACA0015, AOA = 8)
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Fig. 2.48 Lift coecient change by cavitation number (NACA0015, AOA = 8)
????????????
?????????????????????????????? 2.49???. ????
???????, ?????????????? fl = 0:9???????????????
??????????. ?????????, ????????????????????
?. ????????????????????,???????????????????
????????. ??,??????????????????????????. ? 2.50
??????????  = 0:8 ??????????????. ????, ???????
????????, ??, ?????????????????????????????
?,?????????????????????????????????????.
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Fig. 2.49 Maximum sheet cavity length (NACA0015, AOA = 8)
Fig. 2.50 Time-averaged distribution of liquid fraction around NACA0015 predicted by modified Okita
model ( = 0:8)
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???????????????????????????
???????????????????????????????? 2.51 ???. ?
?,? 2.51?????????????????????????????,??????
??????????????????????????????????. ???, 2.3.4
?????????????? CG = 100??????????????????????
??????????????????????. ??, ???????????????
?????????,???????????????????????????????
?????????????????????????????????????????
????. ????????????,???????????????,????????
?????????????????????????????????????????
??. ???????, ??????????????????????????????
??????????????????????????????????. ??, ???
???????????????????????????. ?????????????
???.
Fig. 2.51 Variation of time-averaged pressure coecient distributions with respect to cavitation number
????????????????
? 2.52?,?????????  = 0:8??????????????????????
??. ? 2.52??,????????????????????????????????
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???????????????????. ???, ?????????????????
??????????????,??????????????????????????.
? 2.53?, ?????????? D flDt ???????, ?????????????. ??,
?????????????? 2.54???. ???????,?????????????
?????????????,??,?????????????????????????
????????????????. ????,???????,????????????
????????????????????,???????????????,?????
????,????????????????????????????????????
??????????. ????, ?????????????????????????
?????????????,???????????????????????????
???.
???????????????? 2.55???. ?????,????????????
???????????????????????. ?????????????, ???
?????????????????????. ????, ??????????????
???????????????????????,?????????????????
???????????????????????????????. ?????????
????????????????????????,????????????????
???????????????. ???, ?????????????????????
??????????,??????????????????????????????
????.
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Fig. 2.52 Time-averaged streamline and distribution of liquid fraction predicted by modified Okita
model (AOA = 8; = 0:8)
Fig. 2.53 Time-averaged region of D flDt  0 (modified Okita model, AOA = 8; = 0:8)
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Fig. 2.54 Time-averaged region of D flDt  0 (original Okita model, AOA = 8; = 0:8)
Fig. 2.55 Instantaneous flow around cavity trailing edge predicted by modified Okita model (AOA =
8; = 0:8)
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2.3.4 ??????????????????????
???????????????, ????????????????????, CG =
100;CL = 1?????. ???,??????????????????,????????
?????????????????????????????????, 2.2 ?????
????? (CG = 1000;CL = 1)????????????????????,??????
????????????, ????? (p  pv), ?????????, ?????????
?????????. ???,??????????????????????????.
D fl
Dt
= (CG (1  fl)+CL fl) (p  pv)+ SGSS c  fl (2.26)
D fl
Dt
= sgn (p  pv) (CG(1  fl)+CL fl)
pjpv   pj+ SGSS c  fl (2.27)
????? (? (2.26))???????? (? (2.27))?????????????????
???? (jp  pvj)?????????????????, ????, ??????????
????,? 2.56, 2.57?,??????. ??,??????????????? fl + = 1
???????. ??,???????????????????,??????? 2.2??
??? CG = 1000;CL = 1?,?????????? 2.4????? CG = 100;CL = 1???
?????????????????. ? (2.26)?? (2.27)??????????????
? ( fl)? 0???. ? 2.56, 2.57?? 2.2?? 2.4??????????????????
???,?????????????????????????????????????
??????????????. ???, ??????????????????????
??????????????? (p  pv)??????????????????????
?????????????????????????????????????????
?????????????.
????
?????????, ??????????????, ???????????????
??? (jp  pvj) ??????????????????? CG = 1000;CL = 1 ?????
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Fig. 2.56 Rate of change in void fraction by Okita model (CG = 1000;CL = 1)
Fig. 2.57 Rate of change in void fraction by modified Okita model (CG = 100;CL = 1)
????????????????????????. ????, ???????????
? 2.56????? 2.58 ????, ?? (jp  pvj)????, ??????????????
??????????????. ??????????? jp  pvj = 0:5?????????
CG = 1000;CL = 1 ????????????????????????????????
????,??????????????????? CG = 707;CL = 0:707?????. ??
???????????????? 2.58???. ? 2.58??,?????????????
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????????????? (? 2.56)??????????????????. ??,??
??????????????????????????, 2.2.3????????????
???????????????????.
Fig. 2.58 Rate of change in void fraction by modified Okita model (CG = 707;CL = 0:707)
????
???????????????????, 2.2.3????????,?????????
???????. ???,?????????????????????????? 2.59,?
??,? 2.60???????. ?????,??????? 2.2.3????????????
?????????????????? 2.3.3????????????????????
???. ? 2.59??, ??????? (CG = 100;CL = 1)???????????????
???????,?????????????????????????????????
???????????????,????????????????.
? 2.60??,??????????????????????????????????
0.050.1???????????????. ?????????????????????
?????????????????????????????????????????
??????????????????????????.
??, ????????????????????????????? 2.61 ???.
? 2.61??,??????????????????????? (? 2.51)??????,?
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?????????????????????????????????????????
?????????????????????????????????????????
??????????. ??,??????????????????????,?????
?????????????????????????????????????????
???????????, ??, ??????????????????????????
??????????????????????????. ??, ???????????
?????????????,???????????????????????????
???????????????????????????. ???, ?????????
???????????,???????????. ???,? 2.58???????????
?????????????,?????????????????????????.
?????????  = 1:0, ???  = 0:8??????, ?????????????
?????????????????????????????????????????
????,? 2.62?? 2.63?,??????. ? 2.62?? 2.63????????????
???????????????,?????????????????????????
????????????????.
??, ????????????  = 1:0, ???  = 0:8??????????????
??????????? 2.64?? 2.65???????. ? 2.64?? 2.65??,?????
?????????????????????????,???????????????
???. ??, ??????????????????????????????????
?????????????????????????????????????????
?????, ??, ???????????. ???, ?????????????????
???????,???????????????????????. ??,???????
????????,??????????,??????????????????????
??????????.
????,?????????????????? (p  pv)?????????????
??????????????????????????????,??????????
??????????????????????,??????????????????
???????????. ??, ??????????????????????????
???,?????????????????????????????????????
??????????.
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Fig. 2.59 Drag coecient change by cavitation number (NACA0015, AOA = 8)
Fig. 2.60 Lift coecient change by cavitation number (NACA0015, AOA = 8)
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Fig. 2.61 Variation of computed time-averaged pressure coecient distribution by cavitation number
(NACA0015, AOA = 8)
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(a) Modified Okita model (tuned)
(b) Modified Okita model
Fig. 2.62 Comparison of time-averaged distribution of stream-wise velocity ( = 1:0)
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(a) Modified Okita model (tuned)
(b) Modified Okita model
Fig. 2.63 Comparison of time-averaged distribution of stream-wise velocity ( = 0:8)
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(a) Modified Okita model (tuned)
(b) Modified Okita model
Fig. 2.64 Comparison of time-averaged distribution of liquid fraction ( = 1:0)
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(a) Modified Okita model (tuned)
(b) Modified Okita model
Fig. 2.65 Comparison of time-averaged distribution of liquid fraction ( = 0:8)
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2.4 ??????????????????????????
??
???????????????????????????????????????
?,??????????????????????????????,?????????
???????????????????????????. ?????????????
??????????????,??????????????????????????
??????????????????? [24, 31, 46, 49, 50, 51]. ???, ???????
??????????,????????????????,??????????????
????????????????????????. ???, ????????????
?????????????????,???????????????????????
??????????????????????????????????????. ??
?,???????????????????????????? (? 2.13, 2.14, 2.29, 2.51)
??????,??????????????????????????????????
?????????????????????????????????. ?????, ?
?????????????????????????????????????????
???. ??????????????????, ??????????????????
?????????,???????????????????????????????
?????????????????????. ???????????????????
?????.
2.5 ????????????????????
??,?????????????????????????????????????
????????????. ????????? [52]?????????????????
???????. ????????????????????.
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2.5.1 ??????????
????????????????????????????????? [52]. ????
??,???????????????????,???????????????,???
???????????????????,?????????????????????.
????????? 2.66?,??,????? 2.67???????. ??,???????,
? 2.5?,?????????????????????? 2.68???. ????????
?,??? 180 (m;m3=min; rpm)?????????. ??,?????????????,?
????? 3 (?),???????? 91 (mm),??? 174 (mm)???. ??,???? 800
(rpm)???,????????????????????????? Re = 5:0106 ???.
Table. 2.5 Specifications of test centrifugal pump
????? ?????
??? 180 [m, m3/min, rpm]
?????? 24 (?)
???? 3 (?)
???? ????? 91 (mm)
???? 174 (mm)
?????? 18 (mm)
????? ?? 8,?? 10
??? 800 (rpm)
?????? 5:0106
(????,???????)
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Fig. 2.66 View of test centrifugal pump
Fig. 2.67 Cut view of test centrifugal pump [52]
? 2? ??????????????????????????? 86
Fig. 2.68 Pump impeller [52]
2.5.2 ????
????????????????? 2.69???. ?????????????????
???????,?????????? 0.95 (m3/min)???.
?????,? 2.66???????????. ??,?????????????? 2.6?
??. ?????,???????????????????????????????,?
???,?????,????????????,????????????,????,??
??????????????????????,??????????????????
????. ???????????,???????????,?????????????
??????, ??????????????????????? (??????????
??? [43]). ????????, ????, ?????, ???????? 1100?????
?, ???????????? 500?????, ???????????? 300?????
?????,??? 1900??????. ??,??????,??????????????
?????????,???????????????????????????????
?????????????,??????????????????????,?????
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???????????????????????. ????????,????? 250?,
?????? 40?,??? 83????. ??,???????? 5:23? 10 4 ???,??
??????? 6000???????. ???????????????????????
???????. ???,???????????????,??????????????
????,?????????????,????????????????????,??
?????????????????????????????????????????
??????????????. ??, ???????????????????????
????,????????????????????????????????????
??? M = 0:3?????.
Table. 2.6 Computational conditions of centrifugal pump
???? ??? 1900?
???????,?????,???? 1100?
???? 500?
????,???? 300?
?????? ?????? 250
?????? 40
??? 83
?????? (??) ???????
??,????,?????????
7:210 4;2:910 4;1:310 3
(????????????)
???? 5:2310 4(6000????/??)
??????????? 2.3??????????????
????????????? CG = 100;CL = 1
???????????? M=0.3
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Fig. 2.69 Measured flow-rate head characteristic curve[52]
2.5.3 ????
???????????????
??????????????? (NPSH=10.43 (m)) ????? 7.445 (m) ???, ??
???? 7.695 (m)?????, ???????????? 3%????????????
?????????. ??, NPSH ?????????????????. ??, ????
??????????????????? 2.70?? 2.71???. ?????,??????
??????????. ??, ?????????????????, ?????????.
? 2.70????????????????????????,?????????????
???????????????????????????????????.
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Fig. 2.70 Comparison of measured and computed time-averaged static pressure conecient distribution
around rotating blade (non-cavitation)
Fig. 2.71 Time-averaged pressure coecient distribution around impeller, (NPSH=10.43, non-
cavitation)
? 2? ??????????????????????????? 90
NPSH????????????
???,??????????????????????????????, NPSH???
??????????????.
NPS H(m) = (p
t
1   pv)
lg
(2.28)
NPSH?, Net Positive Suction Head?????????????????. NPSH?, ??
??????????????????????  ?????. ?? NPSH (m) ????
?? (m)?????????????????? 2.72???. ????,????????
??????, NPSH=1.08 (m)??????????????. ??,???? NPSH=0.65
(m) ????????????????????????. ?????, ????????
?????????????????????????. ??, ????????????
?? 3% ???????????? NPSH ?, ???? NPSH=1.083 (m)(Head=7.38 (m)),
???? NPSH=0.605 (m)(Head=7.22 (m)) ???, ?????????????????
????????????????????. ????????????????????
?????.
Fig. 2.72 Change of suction performance of centrifugal pump by NPSH
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NPSH?????????????
NPSH ????????????????????????????, ? 2.73 ?? 2.75
?, ??????. ??????????????????????????. ??, ??
(meridional position)???????????,????????????????????
???????????????????????. ? 2.73??,????,???????
??????????????????????????????????????, NPSH
????????????????????????????? (NPSH=1.0911.081 (m)).
???, NACA0015?????????????????????????????. ??
??????, NPSH ????????????????????????? (meridional
position=0.55) ?????????????????????????????????
????????????????????????? (NPSH=1.0911.079 (m)). ???
NPSH?????????,?????????????????????,???????
?????????????????????????????????????????
?. ???,????????,???????????????????????????.
??? [52]???????????????????????????????????
???? (NPSH=1.075 (m))?? 2.74???. ????????????????????
????????????. ??, NPSH=1.075(m) ? NPSH ?????????????
??? 2.72??????????????? NPSH???.
???,? 2.75????????,??????????????????????,??
??????????????????,??????????????????????
???????????????????????????. ??, NPSH ???????
??????????????????????????????. ??????????
?????????????,???????????????????????????
???????????????????????.
?????????????? (????????) ?? 2.76 ??? 2.80 ???. ??,
????????????? 2.77??? 2.81???. ??,??????????????
?????????????????????. ? 2.76, 2.78 ??, ??????????
??????????????????????????????, NPSH???????
??????????????????. ??? NPSH???????,????????
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??????????,?????????????????? 2.74??????????
??????? (? 2.80). ????, ????????????????????????
???. ???, ?????????????????????????????????
?????????????,??,?????????????????????????
??? 0.03?????????. ????, NACA0015????????????????
?????????????????,???,????????????????????
????????????. ????????, ???????? (? 2.76, 2.78) ????
???????????????????????????, ???? (? 2.77,2.79) ??
?????????????????????????????????????????
??????????. ????,??,???????????????????????
??????????????. ???, NPSH ???????????????????
(? 2.80)?,???????????????????????????????????
???????????????????. ??????,??????,????????
??????????????????????????????????????. ??
?,??????????????????????????,?????????????
??????????,??????????????????????????????
????????????. ????, ???????????????????????
????????????????? [52], ??????????, ??????????
?????????????????????????,???????????????
????????????.
???????????????????? 2.82?,????????????????
??????? 2.83??? 2.85???????.
???????????????? (? 2.82)??????,?????????????
??????????????? 2.83?? 2.84???????????????????
???????????????????????????????. ???, NPSH???
????????????????????????,? 2.85?????????????
?????????????????????????????????. ???, ???
?????????????????????????????????????????
???????????,?????????????????????????????
??????????????????????????????. ???, ??????
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??????????????????????????????????????,??
?????????????????????,???????????????????
???????????????????. ????, ????????????????
????????????????????. ???,????,????????????
??,?????????????????????????????.
????????,?????????????,??????????????????
?????????????????????,???????????????? NPSH
???????????????????????.
Fig. 2.73 Variation of measured pressure coecient distribution around impeller [52]
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Fig. 2.74 Choking around throat (exp, NPSH=1.075)[52]
Fig. 2.75 Variation of computed pressure coecient distribution around impeller
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Fig. 2.76 Time-averaged distribution of liquid fraction around impeller (NPSH=0.554)
Fig. 2.77 Time-averaged pressure coecient distribution around impeller (NPSH=0.554)
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Fig. 2.78 Time-averaged distribution of liquid fraction around impeller (NPSH=0.533)
Fig. 2.79 Time-averaged pressure coecient distribution around impeller (NPSH=0.533)
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Fig. 2.80 Time-averaged distribution of liquid fraction around impeller (NPSH=0.518)
Fig. 2.81 Time-averaged pressure coecient distribution around impeller (NPSH=0.518)
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Fig. 2.82 Time-averaged streamline and liquid fraction (NPSH=10.43, non-cavitation)
Fig. 2.83 Time-averaged streamline and liquid fraction (NPSH=0.554)
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Fig. 2.84 Time-averaged streamline and liquid fraction (NPSH=0.533)
Fig. 2.85 Time-averaged streamline and liquid fraction (NPSH=0.522)
? 2? ??????????????????????????? 100
2.6 ??????
????, LES ????????????????, ????????????????
???,?????????????????????????????????????
??????,?????????????????????,????????.
1. ?????????????????????????,????????????
???????,???????????????????????,???????
?????????????????,????????????????????
??????????. ??, ????????????????????????
??????????,???????????????????????????
?????????.
2. ??????????????????????????????????????
????,???????????????????????????????.
3. ??????,???????????????????????????????
??????????????????????????????????????
?????????????????????????????????????.
4. ????????????????????????????????????,
?????????????????,????????????????????
?????????????,???? NPSH?????????????????
???????,??????????????????????????????.
?????,????????????????????????????????
?,????????????????????????????????????
??.
? 3?
????????????????????
? 3? ???????????????????? 102
??? LES????????????????????,??????????????
???????????. ??????, ??????????????????????
????????????????????????????????????????
??????????????????. ???,?????????????????,?
???????????,????????????????????,???,?????
?????????????????????????????????????????
??????.
3.1 ???????????????
??????????????????????????,?????????????
??????????????????,???????????,???????????
??????????????????. ???,??????????????????,
????????, ??????????????????. ?????????????
?????????????. ??, Navier-Stokes??? (??, NS???)???????
???????????????,???????????.Z
V
@
@t
mkdv+
Z
S
munkds=
Z
V
p
@ui
@xi
dv 
Z
V
dv+
Z
S
 un p+n jui @u j
@xi
+
@ui
@x j
	ds (3.1)
???, k ??????????????? (= 12 uiui)???, V ??? S ????????
?????????????, n j;un ????????????????????????
????,???????????????????????. ??????,??????
?????????????????????????????????????????
?. ??,????????????????????????????????????,
????????????????????????,????,???????. ????
?????????????,?????????????,???????????,??
??????????.
???,?????????????????????????????,???????
????????????????????. ???,?????????????. ???
????????????????????????? ? 0?????, ??, ????
?????,?????? ( = 0)????????????????? (m = l)????
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????????. ???????????????????????,Z
V
@ui
@xi
dv = 0 (3.2)
????, ?????????????????????. ?????????? ( @ui@xi > 0)
????? ( @ui@xi < 0)?,?????????, ????????????????????
???????????. ???? V ????????????????????????
????????????? Ve ?,?????????????????????????
??????????? Vc ??????????,Z
Ve
@ui
@xi
dv+
Z
Vc
@ui
@xi
dv = 0 (3.3)
???. ???, ?????????????????????????????????
?? (3.1)???????,????,?????????????????,Z
V
p
@ui
@xi
dv =
Z
Ve
p
@ui
@xi
dv+
Z
Vc
p
@ui
@xi
dv (3.4)
?????. ???, ??????????????????????, ????, ????
????????????????. ???????????????????????
??????????, NS??????,??????????????????????
????????????????. ????, Schnerr? [34]?????????????
????,??????????????????????????????.
@
@t
m+
@
@xi
mui = 0 (3.5)
@
@t
g+
@
@xi
gui = R (3.6)
???,? (3.6)??? R?????,????????????????????????
????. ? (3.5)???? (3.6)??,??????? ( @ui@xi )???????? R?????
???,
@ui
@xi
=
l  g
lg
R (3.7)
???. ??? R , 0??,?????????????????????????. Schnerr
? 3? ???????????????????? 104
? [34] ???????????????, ?????????? R ??????????
??.
R = sign(pv   p)
gl
m
(1 ) 3
RB
s
2
3
jp  pvj
l
(3.8)
? (3.7)?? (3.8)??, ??????????????????????????, ???
????????????????????????. ????? Schnerr???????
???????????????????????????,?????????????
????????????????,???????????????,?????????
??????????.
???????????????????????????????????,? (3.3)?
????? (3.4)???????????????.Z
V
p
@ui
@xi
dv =
Z
Ve
p
@ui
@xi
dv+
Z
Vc
p
@ui
@xi
dv <
Z
Ve
pv
@ui
@xi
dv+
Z
Vc
pv
@ui
@xi
dv
= pv
Z
Ve+Vc
@ui
@xi
dv = 0 (3.9)
???,? (3.9)?????????????????????????? (3.1)????
????????????????????. ????, ???????????????
?????????????????????????????????????????
???????????????????????.
????,?????????????????????????,??????????
??????????,??????????,??,?????????????????
??. ???,?????????? pb ???????????????????????
?????.
pb = pv+ pn (3.10)
?????????????????? pn ?????????????????????
??, ?????? pb ??????, ???????????????????????.
??????????????????????????,??????????????
???????????,???,???????????? 0?????????????
???,? (3.1)??????,????,?????????????????? 0???.
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???,?????????????????????????????????????
????????. ??????, ?????????????????????????
????????????, ???????????????????????. ????
?,???????????????????????????,????????????
??? 0???,????????,?????????????????????,???
?????????????????????????????????????????
???????????????.
3.2 ??????????????????????????
????,???????????????????????????????????
?????????????????????????????. ????, ??????
?????????????????????,???????????????????
???????????????,??,?????????????,?????????
?????????????????????????????????,???????
???????????????????. ??, ??????????????????
??????????????????????????????? NACA0015????
????????????????,????????????????????????
???.
3.2.1 ?????
??????????????????, NS???, Schnerr? [34]?????????
??????.
@mui
@xi
= 0 (3.11)
mu j
@ui
@x j
=   @p
@xi
+
@
@x j
m( @ui
@u j
+
@u j
@ui
) (3.12)
m ?????????,??????????????????????????????
?????????.
m = g+ (1 )l (3.13)
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?????????????????????????????????????????
?????. ?????,????????????????.
??????????????????????, ????????????????
??????????? Schnerr ????????? [34]. ??, ?????????? 
??????????? R???????.
@gui
@xi
= R (3.14)
???? R???????????.
R =
gl
m
D
Dt
(3.15)
???, Schnerr?????? ????? RB,???,????????????????
? nb ??????????????.
 =
nb
4
3R
3
B
1+nb 43R
3
B
(3.16)
????????????????????????? Rayleigh-Plesset????????
??? (? (1.12))????,???????? R?,
R = sign(pv   p)
gl
m
(1 ) 3
RB
s
2
3
jp  pvj
l
(3.17)
???????.
??, ???????????????????????? Ansys Fluent v14 ????.
??, ????????????????? nb = 1010 ????, ???????????
??.
?????????????????????. ??????????????????
?????????????????????????????????????????
???????????????????. ???, ?????????????????
???????, ??????????????????????????????. ??
????????????????????. ????????????????????
?? QUICK???? [55]????. ??,?????????????????????
???????? Coupled????.
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3.2.2 ????????
?????????????????????????????????? 3.1 ???.
???????????????????, ?????????????????. ???
????????, ????????? H = 10 (mm), ???????? 5 (mm)???. ?
?,???? 4:5,????????????, L = 143 (mm)???. ??????????
????????????????????? 5L, ??????????????? 10L
??? 16L???. ?????????????????????? 1600, ??, ????
? 250???. ??????????????,????? 105????. ????????
??????????? U = 1 (m=s),??????????????????. ??,???
?? 20 (C)?????. ?????????????????????????????
???????????????????,?????????????????????
??????????????. ??, ???????????????????????
????????????????????, ???????????????, ????
?,?????????????,????,  = 15;2:95????????. ?????? Re
?,???? 10 (mm),????? 1 (m/s)?????,????,???????,????,
????????, Re = 10;000???. ?????????????????, ?????
?????.
Fig. 3.1 Venturi test section
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3.2.3 ????????????
??????????????????????????????. ????,?????
?????????????,?????????????????. ??,???????
????????????????????????  = 2:95???.
?????
? 3.1??????????????????????. ??????????????
????????????????????, ?????? 2, 4, 8 ???? 4 ?????
?. ? 3.1????, 2?????????????? L = 143 (mm)??????????
??????????????????, 3?????????????????????
????. ??, 3?????????????????????????,???????
?????????????????????????????????????????
?????????????????????. ????????????? (y??)??
????????? 250 ??????, ??????????, ????????????
??????????????????????????????. ??,???? (x??)
?????????????????????????????????????????
?????????????????????????? 800 ????????????
???????????????????????. ??, ??????????????
?????????????????????????????????????????
????????????????. ?????, ??????????????????
????????????????? (original)??????.
Table. 3.1 Grid dependence test case
Case name Resolution at throat lower surface (/L) The number of nodes in test section
Original (x;y) = (6:2710 4;1:4010 4) (800+800)250 = 400;000
x2 (x;y) = (3:1410 4;6:9910 5) (800+1600)250 = 600;000
x4 (x;y) = (1:5710 4;3:5010 5) (800+3200)250 = 1;000;000
x8 (x;y) = (7:8410 5;1:7510 5) (800+6400)250 = 1;800;000
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?????
??,?????????????????????????????????? 3.2?,
???????????? 3.3???????. ??,?????????????????
U = 1(m=s)????. ??,? 3.3?????????????? (y??)? 2?????
???????. ? 3.2???????????????????????????,???
????????????????????????. ? 3.3?????????????
??????????????,????????????????????????,??
?? (original)???????? 4?? 8???? (x4, x8)??????????????
???  = 0:8??????????????????????????????????.
??, ????? 2 ???? (x2) ????????????. ??, ??????????
???????????????? 3.4???. ?????????????? U = 1 (m=s)
?????? l = 998:2 (kg=m3) ????. ? 3.4 ??????????????????
??,??? 4?? 8?????????????????? 2???????? (original,
x2)???????????????. ???,????????????????????
???????????, ???????????????????????????. ?
?,?????????????? 8????????????????????????
?????????????????????,???????????????????
???.
? 3.5?????????????? (? (3.1))??????????????????
?????????????????????????????????????. ???
?????????????????????????. ??,??????,??????
?????????? H = 0:01 (m), ??????????? U = 1 (m=s), ???????
??? l = 998:2 (kg=m3)????????. ??,? 3.6???????????????
???. ????????,?????????? 8??????,???????????
?????????. ? 3.6??,??????????????????????????
?????????????????????????????????????????
???. ? 3.5??,????????????????????????????????
???????? 8 ????????????????????????? 3% ????
??. ??, ???????????????????????????????????
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??????,??? 8????????????????? 5%????????. ??,
????????????????,??? 8????????????????????
7%??????. ????????????????????????????????
???,? 3.6??????????????????????????????????
?????????????????????.
????, ??????????????????????????????????
??, ??????????????????????????, ??????????
(original)????????????????????????????????????
?????????.
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(a) original
(b) x2
(c) x4
(d) x8
Fig. 3.3 Comparison of void fraction distributions magnified 2 times in a height direction
? 3? ???????????????????? 113
Fig. 3.4 Comparison of pressure and void fraction distributions along lower surface of test section
? 3? ???????????????????? 114
Fig. 3.5 Comparison of kinetic energy changes in test section
Fig. 3.6 Comparison of errors in kinetic energy transport equation in test section
? 3? ???????????????????? 115
3.2.4 ???????
???
??????????????????????????????????? 3.7(a),
3.7(b) ?, ??, ????????? 3.8 ???. ??, ??????????????
U = 1(m=s)???????????. ? 3.7(a), 3.7(b)??????,??????????
? ( = 2:95)??,????????????????????????????????.
???,?????????????????????????????????????
????????????????????????,????????????. ? 3.9(a),
3.9(b)?  = 15;2:95???????????????. ??,? 3.9??????????
????????. ????????????????????????????????
????????????????????,????????????????????
?????????. ??????, ????????????????????????
?????????????????????. ???????????????????
????????.
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Fig. 3.8 Distribution of void fraction (non-dimensional,  = 2:95)
(a)  = 15
(b)  = 2:95
Fig. 3.9 Streamlines and void fraction distributions magnified 2 times in a height direction
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??????????????????????
????????????????????????????????????????
??,??????????,????????????,???????????????
?????????. ?????, ??, ?????????, ?????????????
????????????. ??????????,?????????? 2:4910 5 ??
?, x??????????????,??????????? 7:3510 5 ???????.
?????????,???????????????????????????????
???.
?????????? (3.1) ???????????? 3.2 ???. ???, ?????
????????????? (3.1) ??????????. ??????????????
??????????????????????????. ??, ??????, ????
???????????? H = 0:01 (m), ??????????? U = 1 (m=s), ?????
l = 998 (kg=m3)????????. ??,? 3.2???????????????????
?,? (3.1)??????????????????????????????????. ?
?? x?????????????????????????,????????????
??????????????. ???????,???????????????????
????????????. ??,?????????????????????????.
?????????? ( = 15),?????? 3.7(a)?????????????????
??????. ??????????, ???????????????????????
?????????. ?????, ?????????????????????????
????????????????????. ??, ?????????????  = 2:95
???,? 3.7(b)?????????????????????????????????.
??????????????????????,??????????????????
?????????????????????????????????????????
????. ?????,?????????????????,?????????????
????????????????????. ???,? 3.2??????????????
??????????????????????,??????????????????
??????????. ?????????, ????????????????????
????????, ??????????????, ??????? (??)???????
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?????????,??????? (??)??????????????????. ??
?????????????????????????????????????????
?????,???,  = 2:95???????????? 3.10???. ? 3.10??????
? x=L = 0 ??????????????, x=L =  0:5;0:5 ??????????????
??????????. ??,??????,??????????? U = 1 (m=s),????
? l = 998:2 (kg=m3) ????????. ? 3.10 ??, ????????????????
????????????????????,????????????????????
?????????????????????. ???,????????????????
????,? (3.9)??????????,??????????????????????
??????????????????. ??, ???????????????????
??????????????, ? 3.7(b) ???????, ??????????????
????????????. ?????????????? 17% ????, ??? 83% ?
???????????????????????.
????,???????????????????????,????????????
?????????????????????????????????????????
?????.
Fig. 3.10 Distribution of pressure and void fraction along lower surface of test section
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3.2.5 ??????????????
Schnerr ?????????????????????????????? nb ????
????????????????????????,????????????????
?. Schnerr? [34]??????? (? (3.14), (3.16), (3.17))??,???????????
????? nb ??????,?????????????????.
??????????, ???????????????? nb = 10 1010 ? nb = 1:0
109;5:0109;2:01010 ? 3??????,  = 2:95??????????,???????
?????????.
???????????????
??, ??????????????????? 3.11 ???. ??, ?????????
????? U = 1 (1=s)????. ? 3.11??????????????????????
?????????????????????????,???????????????
???????????. ??,?????????????????? 3.12???. ??,
?????????????????? 2????????????. ?????????
??????????????????????????. ???, ??????????
???????????????????????????????????????. ?
?, ?????????????????????????, ?????????????
???????. ? 3.13????????????????????????????. ?
?,? 3.13????,??????? (x=L =  0:25  0:25)????????? 3.14???.
??,?????????????? U = 1(m=s)?????? l = 998:2 (kg=m3)????.
? 3.13??,?????????? x=L = 0:5????,????????????????
??????????????????????. ??????????????????
?????????????????????????????????????????
?????????????????????????????????????????
???????. ??,? 3.14???????????????????????????
?????????????????????????????,???????????
?????????????????. ???,????????????????????
?,??????????,?????????????????????????????
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?????????. ???, ???????????????????????????
???????????????. ??,???????,???????????????
?????????????????????????????????????????
???. ??, ??????????????????????????????????
??,???????????????????. ??,????????????????.
??, ? 3.15 ??????????, ??????????????????????
?????????????????, ??????????????????????
??????????????????. ??, ??????, ???????????
????? H = 0:01 (m), ??????????? U = 1 (m=s), ??????????
l = 998:2 (kg=m3)????????. ? 3.15??,??????????????????
?????????????????????. ???, nb = 1:0109 ? nb = 2:01010 ?
??????,??????? nb = 1:0109 ??????? 2%?????????. ??,
?????????????????????????????????????????
?????. ??????????????????????. ???,?????????
???????????????????????????????,?????????
?????????????????????????????????????????
?????????. ??,???????????????,?????????????
????????. ???, ????????????????????????????
????????????????????????????. ? 3.14?????????
?????????????????????????????????????????
???????????????????,?????????????????????
????????. ??????, 4?????????????????????????
??????????????????????????????.
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(a) nb = 1:0109
(b) nb = 5:0109
(c) nb = 1:01010
(d) nb = 2:01010
Fig. 3.12 Comparison of void fraction distribuions magnified 2 times in a height direction
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Fig. 3.13 Comparison of pressure and void fraction distributions along lower surface of test section
Fig. 3.14 Comparison of pressure and void fraction distributions along lower surface of test section
(magnified figure)
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Fig. 3.15 Comparison of kinetic energy changes in test section
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3.3 NACA0015????????????????????
??
??????,?????????????????????????????????
??,???????????????????????????????. ??,????
?????????????????????????????????????????
????????????????, NACA0015????????????????. ??,
?????, ???, ???????????????????????????????
??.
3.3.1 ??????????
??????????????????? NACA0015???. ?????? C ????
??????? [6, 7]????? C = 150(mm)???. ??,????? AOA? 6:7 ??
?. ???????????? (AOA = 8:0)?????????????????????
???????????????????????????. ??,?????????,?
?????????????????????????????????????.
?????? 3.16??????,????? 15C,????? 4C ???. ???????
??????????????????????????. ????????, ?????
???????????????????? U = 8(m=s)?,??,???????????
?????????. ????????, ??????????????????????
?????????????. ???,??????????????????????. ?
????? Re?,??????? U = 8(m=s)?????,?????? C = 0:15(m)???
?????, ??????????? Re = 1:3106 ???. ??????????,???
??????? 1120???? C??????,?????? 77? (1717450)???. ?
?, ??????????????. ??, ?????????????????, ????
??  = 3:0,?????????????  = 2:5;2:4;2:3??????.
? 3? ???????????????????? 128
Fig. 3.16 Computational domain
3.3.2 ????
??????????????????,?????,???,????????????
? 3.17(a)??? 3.17(b)?, ???????????????, ???????????
?. ??,??????,??????????? U = 8 (m=s),?????????????
C = 0:15 (m),???????????? l = 998:2 (kg=m3)????. ????  = 2:1??
???????????,??,????  = 2:5???????????????????
?????????????. ???????????????????????????
????????,???????????????????,?????????????
???????????????????????. ??,? 3.17(a)??????????
???????????????????. ???, ?????????????????
???????????????????????. ???, ?????????????
??????????  = 1:9??????????????????????, ????
??????????????????????????????????. ??????
????,????????????????????????????????????
??????????????????,??????????????????????
???????. ??,? 3.17(b)???????????,????  = 2:1???????
???????????, ?????????????????????????  = 1:0
????????????????. ??, ????????????????? ( = 2:5)
????????????, ??????????????????????????. ?
????,?????????????????????????????? 2?????
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??,???,?????????? [31, 24, 49, 50, 51, 46].
????? ( = 3:0)???????????? ( = 2:3)??????????????
?????????? 3.18???. ??,??????????????????????
????????? ( = 2:3 ??) ?? 3.19(a), 3.19(b), ???, ? 3.20 ?, ??????.
??,? 3.20???????????????????????????? 2??????
????????. ? 3.18??,  = 2:3??,????????????????????
????????????????????????????????????????.
??,  = 2:3??,???????????????????????????,?????
????????????????????. ? 3.19(a)?? 3.19(b)??????????
???????????????????????????????,?????????
Cp = 0:2???????????????????,?????????????????
??. ??????????????????????, ???????????????
????????????????????????????,?????? (x=C < 0:04),
??????? (x=C = 0:1),????? (x=C > 0:9)????????????. ?????
???,??????????????? y?????????????????????
????,??????????????????.
???????????????????????? 2 ???????????, ??
???????????????????????????????,?????????
??????????????????????????????, ?????????
??????????????????????????????. ???, ??????
????????????????????????????,????????????
?????????????????????????????????????. ???
???????????????????.
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(a) Drag coecient
(b) Lift cocient
Fig. 3.17 Change of drag and lift coecinets to cavitation number
? 3? ???????????????????? 131
Fig. 3.18 Distributions of pressure coecient around NACA0015 (computation)
? 3? ???????????????????? 132
(a)  = 3:0
(b)  = 2:3
Fig. 3.19 Distributions of static pressure coecient around NACA0015 (computation)
? 3? ???????????????????? 133
Fig. 3.20 Distribution of void fraction near leading edge of NACA0015 magnified 2 times in directions
normal to foil surface ( = 2:3)
? 3? ???????????????????? 134
???????????
???????????????????????????????????????,
? 3.21, ???, ? 3.22 ?, ??????. ???????, ? 3.20 ??????????
????????????????. ??, ? 3.22 ??????, ???????????
??. ? 3.22(b)??, ????????????????, ??????????????
??????????????????????????????????. ?????
???????????????????,?????????????????????
??????? jmuj ??????????????????, ????????????
????????????????????????????????????????
?. ???,??????????????????????????,?????????
???????????????????. ?????????????????????
? 3.22(a)????????. ????????,???????????????????
?????????????? (? 3.18)??????????????????????
?????,????????????????????????????????.
??, ??????????????????? 3.23 ???. ????, ???????
??  = 2:3????? 3.21(b)??????????????????????????,
???????????????????????????????.
?????????? 0.5%??????????????? 3.24???. ? 3.24(a)?
?? (b)?????????????????????????????????????
???????. ?????,? 3.17(a)???????????????????????
????????????????????. ??,? 3.17(b)?????????????
???????????????????, ? 3.24(b) ????????????????
???????????????????????????????. ?????????
????????? (c), (d)??????. ???????? 0??,??????????
??. ???????,? 3.18???????????????????????????,
????????????????????????????????????????
???????????. ??????????????????? 3.25???. ????
????????????????????  = 2:3?????, ???????????
????????????.
? 3? ???????????????????? 135
???,????????????????????????????????????
???????. ???????????????????. ?????????????
????????????????????????.
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(a)  = 3:0
(b)  = 2:3
Fig. 3.21 Distributions of streamwise velocity near leading edge of NACA0015 magnified 2 times in
directions normal to foil surface (AOA = 6:7)
? 3? ???????????????????? 137
(a)  = 3:0
(b)  = 2:3
Fig. 3.22 Distributions of streamwise momentum near leading edge of NACA0015 magnified 2 times in
directions normal to foil surface (AOA = 6:7)
? 3? ???????????????????? 138
(a)  = 3:0
(b)  = 2:3
Fig. 3.23 Distributions of streamwise velocity around NACA0015 (AOA = 6:7)
? 3? ???????????????????? 139
(a) Streamwise velocity component
(b) Vertical-direction velocity component
(c) Velocity magnitude
(d) Flow angle in degrees
Fig. 3.24 Variation of wake profiles at 0.5%C downstream of trading edge (NACA0015, AOA = 6:7)
? 3? ???????????????????? 140
(a)  = 3:0
(b)  = 2:5
Fig. 3.25 Distributions of streamwise velocity near trading edge of NACA0015 (AOA = 6:7)
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???????????????
????????????????????,???????????????????
???????????????????, ????????????????????
????  = 2:3 ????????  = 3:0 ???????????. ?????????
?? 3.26 ???. ??, ? 3.26 ???????????????????????. ??,
? 3.26??,????  = 0:1???????????????????????????
???????. ? 3.26(b) ??, ????????????  = 2:3 ????????, ?
??????????????????????. ??, ???????????????
????????????????. ??, ???????????????, ?????
x=C = 0:01????????? 2??????????????????. ???, ???
??????????? x=C = 0:11????????,????????????????.
??,????????????. ??,???????????????????????
????????????????????????. 2??????????,?????
???????????????? 2.55%, x????????????????????
????? 2.85%, y????????????????????????? 2.47%???
????. ????????????????????????????????????
??,????????????,??????????????????????????
?????????????????????????.
? 3.26????????????????????????????????????
?? 3.27???.  = 2:3????????????, ????? 3:4510 4  9:1610 4
(????????????????? C ??????)????,???????????
?????????????.
? 3.26(a), ? 3.26(b)???????????????? (3.1)?????? 3.3 ???.
? 3.3?? 3.2????? (3.1)?????????,?????????????????
???????? (3.1) ?????????????????????. ????????
???????????????????????????????????,?????
?????????????????????????????. ??,??????,??
??????????? C = 0:15 (m), ??????????? U = 8 (m=s), ??????
???? l = 998:2 (kg=m3)?,???????.
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??,??? ( = 3:0)???????????????????,??????????
?????????????????????. ???????????????????
????????????????????. ??,??????????????????
???????????????. ??,??????????? ( = 2:3)?,??????
????????????????????????????,????????????
???????????. ???,????????????,?????????????
?????????????????,?????????????? 35%???????
?????????????????????. ???????????????????
?????????????,???????????????????????????
?????????????????. ????,???????????????????
??????????????????????,??????????????????.
???,?????????????????????????????????????
??. ???,?????????????????????????????? (??)?
???,?????????????????????????????????????
????.
????????????????????????????????????,???
?????????????????????????????????????????
??????????????,??????????????????????????
?. ???????????????????????????????????????,
???????????????,?????????????????????????
?????????????????????. ??, ????????????????
??????????????????,?????????????,?????????
??????????????????????????????????????,??
?????????????????????????????????????????
????.
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(a)  = 3:0
(b)  = 2:3
Fig. 3.26 Stream tube used for control volume and sampling line magnified 2 times in directions normal
to foil surface
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Fig. 3.27 Distribution of streamwise velocity near outlet of control volume
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3.4 ??????
???????,????????????????????????????????
???????????,?????????????????????????????.
??,????????????????????????????????????,??
??????,??????????????????????????????????
??????. ???, NACA0015????????????????????,?????
????????????????????????????,????????????
????. ???????????, ????????????????????????
???????????.
 ??????????????????????????????????????
??,???????????,????????,???????????????
??????????????????????????????????????
??????????????????????.
 ???????????????????????????????????,??
??????????????????????????????????.
 NACA0015 ????????????????????????????????
?,????????????????????????????????????
??????????????????????????.
 ????????????????????????????,?????????
????.
 ???????????????????,????????????,??????
?????????????????,??????????????????,??
????????????????????????????????,?????
??????????????????????????????????????
????????????.
??,?????????????????????????????????????
?????????????,???????????????????????????
????. ??, ?????????????????????????????????
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?????,???????????????????,????????????????
?????????????,????????.
? 4?
???????????????????
? 4? ??????????????????? 149
????,???????,????????????????????????????
??????,???,???????????????????????????????
??????????????????????????????. ??, ???????
?????????????????????????????????????????
??????????????????????????????.
????,???????????????????????????????????
????,????????????????????????????????????
???????????????,?????????????????????????
???? NACA0015??????????????????????????????.
4.1 ?????????????????
?????????????????????????,??????????????
?????????????????????????????????????????
???????????. ?????????????????????????????
??????????????????,??????????????????????
?????, ????????????????????????. ???, ?????, ?
?????????????????????,?????????????????,??
???,?????????????????????????????????????.
????,????????????????????????????????????
?????????????.
F ju j = pv
@u j
@x j
  p@u j
@x j
(4.1)
? (4.1)????????? F ???????????????????????????
?????????????????????????????. ???,????????
????????????????????????? c??????????????.
Fi = cui (4.2)
? (4.2)?? (4.1)?????? c???????????????????????.
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Fi =
ui
juj2 (pv   p)
@u j
@x j
(4.3)
??,??????????????????????????????????????
?????????????????????????.
4.2 ????????? NACA0015??????????
????????????
????????????????????????????????,???????
?????????????, ????????? NACA0015 ????????????
?????????????.
4.2.1 ?????
???????????????????, Navier-Stokes???, ??????????
?????????????????????.
@m
@t
+
@mui
@xi
= 0 (4.4)
@mui
@t
+mu j
@ui
@x j
=   @p
@xi
+
@
@x j
m( @ui
@u j
+
@u j
@ui
)+Fi (4.5)
m ??????????,?????????????????????????????
??????????.
m = g+ (1 )l (4.6)
??, Fi ?????????????? (? (4.3))???????????. ?????,?
??????????????????? Fi = 0???. ???????????????
????????????,?????? Schnerr?????????. ?????????
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??? (4.7)????????,???????????? (4.8)??????.
@g
@t
+
@gui
@xi
= R (4.7)
R = sign(pv   p)
gl
m
(1 ) 3
RB
s
2
3
jp  pvj
l
(4.8)
??, ????  ?????? RB ??????????? (3.16) ??????????.
??,???????????????? n??????? nb = 1010 ?????.
4.2.2 ????????
???????? NACA0015 ?????. ????????????????? [6, 7]
????? C = 150(mm) ???. ??, ???????????? (AOA = 8:0) ???
???????????????????????????????????????
AOA = 6:6 ???????. ??,?????????,????????????????
?,????????????????????????????. ?????? 4.1???
??????,??????????????????????????????????
???? U = 8(m=s), ???????????????????, ???????????
???. ??,???????????????????????????????????
????????????????????????????. ?????, ??????
????. ?????? Re?,?????????,?????????????????
???????? Re = 1:3106 ???. ??????????,?????????? 800
???? C????,?????? 14????. ??????????????. ??,??
??????????? ???????  = 3:0,?????????????  = 2:3?
??. ??, ????????????????????????????? Ansys Fluent
v14????. ?????????????????????? QUICK???????,?
????????????????,????? dt = 1? 10 5(s)???.
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Fig. 4.1 Computational domain
4.2.3 ????
? 4.2(a), 4.2(b) ????????????????????????????????
???????. ? 4.2(a) ??, ??????????????????????????
????,?????????? ( = 3:0)?????????? ( = 2:3)???????
???????????????. ??,? 4.2(b)???????????????  = 2:1
???, ??????????????  = 1:1 ??????????????????
( = 2:5) ????????????????, ?????? (original model) ?????
???????? ( = 2:3)????????????????????. ??,?????
?????? (proposed model) ??????????????????????????
?,???????????????????????????????????????
???????????????????. ??,? 4.3????????????????
???. ??????????????? ( = 2:3)??,???????????????
????????????????????, x=C = 0:3  0:1?????????????
???????????????????????. ? 4.4?  = 2:3?????????
???????????. ??,? 4.4????? 4.5?????????????????
??????????. ? 4.4???????????????????????????
???????????. ?????????????????????????????
????????????????????????,????????????????
?????????????,???????????????????????????
???????????????????. ? 4.5??????????????????
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?. ???????????????????.
??????????????, ????????????????????????
?????????????????????????????????????????
?????????????. ? 4.5(c)??,???????? 4.5(b)? x=C = 0:1????
??????????????????????????????????. ????, ?
?????????????????????????????????????????
??, ????????????????????????????????????. ?
???,?????????????????????????????????????
??????????????????. ????, ??????????, ????, ??
?????????????????????????????????????????
?????????????????????????????????. ???, ???
?????????????????????????????????????????
?????????????????????????????????????????
??, ????????????????????????????????. ?????
?????????????????????????????????????????
???????????????????????.
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(a) Drag coecient
(b) Lift cocient
Fig. 4.2 Change of drag and lift coecinets to cavitation number (NACA0015, AOA = 6:6)
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Fig. 4.3 Distributions of pressure coecient around NACA0015 (AOA = 6:6)
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(a) original model
(b) proposed model
Fig. 4.4 Void fraction distributions around NACA0015 magnified 2 times in directions normal to foil
surface (AOA = 6:6,  = 2:3)
? 4? ??????????????????? 157
(a) non-cavitation
(b) original model ( = 2:3)
(c) proposed model ( = 2:3)
Fig. 4.5 Stream-wise velocity distributions around NACA0015 magnified 2 times in directions normal
to foil surface (AOA = 6:6)
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4.3 ??????
????,???????????????????????????????????
???????????????????????,?????????????????
???????????????????????????????????. ?????
???? NACA0015 ?????????????????????????. ?????
???,???????????????????????????,??????????
???????????????????????????????????,?????
?????????????????????,???????????????????
??????????????. ???, ??????????????????????
?????????????????????????????????????????
???????????????????????.
?????????,??,???????? 10%?????????????????
??????????????????. ??, ???????????????????
??????????????????. ??????????????????????
????????????????????,????????????????????
??????????????????????. ??, ? 2?????????????
?????????????????,???????????????????????
?????????. ??????, ????????????????????????
?????????????????????????????????????????
????????????????????????????????????.
? 5?
??
? 5? ?? 160
????????, LES ???????????????????????????, ?
???????????????????????????????????. ??, ??
?????????????????????????????????????????
?????. ??,?????????????????????????????,???
?????????????????????????????????????????
???????????,???,??????? NACA0015?????????????
????????,????????????????????????????????
????. ??,???????????????????????????????,??
??????. ?????????????????.
1. ?????????????????????????,????????????
???????,???????????????????????,???????
?????????????????,????????????????????
???. ??, ?????????????????????????. ???, ??
?????????????????????????????.
2. ?????????????????,????????????????????
???????????????????? (NPSH)???????????. ??
??,???????????? NPSH????????????????????.
???????????????????????????????????. ??
???,?????????????????????????????????,?
?????????????????????????????????????.
3. ??????????????????,???????????????,????
????,?????????????????????????????????
????????????????????????????????. ?????
????????????????????,?????????????????
?????????????. ??, NACA0015????????????????
??????????????????????. ???????????????
??????????????????????????????????????
????. ????????????????????????????, ????
?????????????????. ?????, ??????????????
???????????????????.
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4. ??????????????????????????????????????
????????????, ????????? NACA0015 ??????????
???????????????????????. ??????????????
????????????????????????????,?????????
????????.
????????,? 3?????????????????????????????
????????????????????????????????????????,
????????????????????????????,????????????
????????????. ??????????????????, ?????????
????????,????,??????????????????????????. ?
?,???????????,????????????????????????????
???.
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?????, ?? 21????? 23???????, ????????????????
???CFD???????????????????????????????????
?????????????????????. ???????????????????
???,????????????????????????????????. ????,
??????????????,?????????????????????. ??,??
??????????? COE???????????????????????????
??????????. ??????????????.
??????,?????????????????????????????????
?????, ??, ??, ????, ?????????????????????. ??, ?
??,?????,???????????????????????????. ?????
??????.
????????????,?????,?????,??????,??????????
??????????. ???????????. ??,????????????????
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